Buildup of hydrogen sulfide (H 2 S), which functions as a signaling molecule but is toxic at high concentrations, is averted by its efficient oxidation by the mitochondrial sulfide oxidation pathway. The first step in this pathway is catalyzed by a flavoprotein, sulfide quinone oxidoreductase (SQR), which converts H 2 S to a persulfide and transfers electrons to coenzyme Q via a flavin cofactor. All previous studies on human SQR have used detergent-solubilized protein. Here, we embedded human SQR in nanodiscs (ndSQR) and studied highly homogenous preparations by steady-state and rapid-kinetics techniques. ndSQR exhibited higher catalytic rates in its membranous environment than in its solubilized state. Stopped-flow spectroscopic data revealed that transfer of the sulfane sulfur from an SQR-bound cysteine persulfide intermediate to a small-molecule acceptor is the rate-limiting step. The physiological acceptor of sulfane sulfur from SQR has been the subject of controversy; we report that the kinetic analysis of ndSQR is consistent with glutathione rather than sulfite being the predominant acceptor at physiologically relevant concentrations of the respective metabolites. The identity of the acceptor has an important bearing on how the sulfide oxidation pathway is organized. Our data are more consistent with the reaction sequence for sulfide oxidation being: H 2 S 3 glutathione persulfide 3 sulfite 3 sulfate, than with a more convoluted route that would result if sulfite were the primary acceptor of sulfane sulfur. In summary, nanodisc-incorporated human SQR exhibits enhanced catalytic performance, and pre-steady-state kinetics characterization of the complete SQR catalytic cycle indicates that GSH serves as the physiologically relevant sulfur acceptor.
maintained primarily by the action of the mitochondrial sulfide oxidation pathway, which converts H 2 S to thiosulfate and sulfate (8) . The sulfide oxidation pathway is also postulated to facilitate H 2 S-mediated signaling via generation of reactive sulfur species (9) .
The first step in the sulfide oxidation pathway is catalyzed by sulfide quinone oxidoreductase (SQR). 2 SQR is anchored in the inner mitochondrial membrane and is a member of the flavin disulfide reductase family (10) . It catalyzes a combination of a sulfur transfer reaction from H 2 S to an acceptor via a cysteine persulfide (Cys-SSH) intermediate and an electron transfer reaction from H 2 S to coenzyme Q (CoQ 10 ) via a FADH 2 intermediate (Fig. 1 ). The postulated reaction mechanism involves the addition of H 2 S to the active site disulfide formed between Cys-379 and Cys-201 to form Cys-SSH at Cys-379 with the release of the Cys-201 thiolate. The latter engages in an intensely absorbing charge transfer (CT) complex with FAD with an absorbance maximum at ϳ675 nm (9, 11) Transfer of the sulfane sulfur from Cys-SSH to one of several acceptors completes the sulfur transfer reaction, yielding a small molecule persulfide and reduced FADH 2 (8, 9, 11, 12) . In the second half-reaction, FADH 2 relays two electrons to oxidized CoQ 10 to regenerate the resting enzyme. SQR exhibits remarkable substrate promiscuity using a variety of small molecule acceptors in vitro, including cyanide, sulfite, sulfide, GSH, cysteine, and homocysteine (8, 11, 12) (Fig. 1A) . The identity of the primary acceptor in vivo is unclear and, in fact, is a matter of controversy. Due to the high reactivity of sulfite with the Cys-SSH intermediate in SQR and the reported lack of GSH acceptor activity, it was initially concluded that sulfite functions as the primary sulfane sulfur acceptor (11) . This view was soon challenged by the demonstration that GSH can indeed function as a sulfane sulfur acceptor at physiologically relevant concentrations of this thiol (12) . Simulations using a range of sulfite concentrations from 0 to 100 M predicted that sulfite would surpass the acceptor activity of GSH at concentrations of Ͼ30 M (12) . Although GSH concentrations are well determined and range from 1 to 10 mM depending on the cell type, the concentration of sulfite is poorly determined. A recent study, however, reported an intracellular sulfite concentration of 9.2 M in rat This work was supported in part by National Institutes of Health Grants GM112455 (to R. B.) and F32GM122357 (to A. P. L). The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 1 To whom correspondence should be addressed: 4220C MSRB III, 1150 W.
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liver (13) . The authors used monobromobimane derivatization of tissue extract followed by HPLC analysis to estimate sulfite concentration. However, the identity of the compound(s) in the peak eluting with the same retention time as authentic sulfite was not validated by mass spectrometry or NMR spectroscopy. For reasons discussed later, it is highly probable that the sulfite concentration was overestimated in this study. The reactivity of sulfite (e.g. with some flavoproteins with K D values in the nanomolar to low micromolar range; Ref. 14) is well known, and the presence of sulfite oxidase in compartments (e.g. the peroxisome), where sulfur assimilation does not occur, has been taken as evidence of its importance in removing toxic sulfite and maintaining low concentrations (15) . The k cat /K m for the reaction of sulfite oxidase with sulfite is 2.4 ϫ 10 6 M Ϫ1 s Ϫ1 (16) .
The issue of what constitutes the physiological acceptor of SQR is pertinent to understanding how the sulfide oxidation pathway is organized. If the product is thiosulfate (with sulfite as acceptor), then it must first be converted to GSSH, the only known substrate for persulfide dioxygenase (PDO, also known as ETHE1), which catalyzes the conversion of GSSH to sulfite and GSH (17, 18) . If on the other hand, the product is GSSH (with GSH as acceptor), then it can be directly utilized by PDO.
All prior studies on human SQR have used detergent-solubilized protein from membranes (9, (11) (12) (13) . Stopped-flow spectroscopic studies on solubilized protein were used to characterize the kinetics of the first detectable step, i.e. CT complex formation (9) . Because SQR is a membrane protein, it is important that its catalytic properties and efficacy with sulfite versus GSH as the acceptor be assessed in a more native membranelike environment. To this end, we have incorporated human SQR into nanodiscs (ndSQR), generating soluble, monodisperse, and stable protein in the absence of detergent. ndSQR exhibits enhanced activity compared with the previously studied solubilized protein. Stopped-flow spectroscopic characterization of ndSQR revealed enhanced sulfide binding and that sulfane sulfur transfer from Cys-SSH to either GSH or sulfite constitutes the rate-limiting step. In contrast, electrons are rapidly transferred from ndSQR-bound FADH 2 to CoQ. This study provides the kinetic framework for assessing the SQR reaction in the context of the mitochondrial sulfide oxidation pathway.
Results

Incorporation of human SQR into nanodiscs
The purification procedure developed previously for human SQR involves extraction of the recombinant enzyme from Escherichia coli membranes and solubilization using DHPC, a phospholipid detergent with short fatty acid chains (11, 12) . To transition the solubilized SQR into nanodiscs, we combined the enzyme with the MSP1E3D1 scaffold protein (MSP) (19, 20) and the phospholipid POPC as described under "Experimental Procedures." A molar ratio of 1:1:130 for SQR/MSP/POPC was used to incorporate one SQR dimer per nanodisc containing 2 MSPs and ϳ125 POPC molecules per disc leaflet (21) . Upon purification by gel filtration, ndSQR eluted at a position consistent with the Stokes diameter of ϳ13 nm for MSP1E3D1 nanodiscs assembled with POPC ( Fig. 2A , black trace) (19, 20) . This nanodisc peak overlapped with the 450-nm absorbance of the FAD cofactor in SQR ( Fig. 2A , gray circles), and both MSP and SQR were detected in the elution peak by SDS-PAGE (Fig. 2B ). The assembled ndSQR was further assessed by size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS), which yielded an estimated molecular mass of ϳ303 kDa and a polydispersity index of 1.007 Ϯ 0.06, corresponding to a monodisperse population (Fig. 2C ). The FAD spectrum of ndSQR was virtually identical to that of solubilized SQR, with absorbance maxima at 385 and 450 nm (Fig. 2D ). The A 450 :A 280 ratio of ϳ10:1 obtained with detergent-solubilized SQR (11, 12) was increased to ϳ13:1 with ndSQR due to the presence of MSP ( Fig. 2D, inset) .
Steady-state kinetic characterization of ndSQR with small-molecule acceptors
We characterized sulfide-driven reduction of CoQ 1 by ndSQR in the presence of various concentrations of sulfite, sulfide, or GSH ( Fig. 3 ). In comparison to solubilized SQR, ndSQR showed somewhat greater activity with all acceptors tested ( Table 1 ). The catalytic efficiency (k cat /K m ) of the ndSQR reaction with sulfite, GSH, and sulfide was 25, 45, and 100% greater, respectively, than that of solubilized SQR. We note that the K m for GSH was previously overestimated (12) due to the contribution of a non-enzymatic, GSH-dependent CoQ 1 reduction activity (13) , determined to be ϳ1.6 mol of CoQ 1 min Ϫ1 mM GSH Ϫ1 under our assay conditions. Correcting for this background yielded an ϳ3-fold lower value for K m for GSH using solubilized SQR, which was identical to that obtained with ndSQR.
Kinetics of the sulfide-induced charge transfer complex formation in ndSQR
The addition of sulfide to SQR leads to the formation of an enzyme-bound Cys-SSH intermediate and a prominent CT band due to the interaction of the thiolate with FAD and has a characteristic absorbance maximum at 675 nm (11, 12) . Stopped-flow spectroscopic analysis of CT complex development with ndSQR revealed identical spectral changes as seen with solubilized SQR, including increases in absorbance at 390 nm and 675 nm and a decrease in absorbance at 450 nm, with isosbestic points at 423 and 500 nm (Fig. 4A ). The k on rate for sulfide binding to ndSQR (4 ϫ 10 6 M Ϫ1 s Ϫ1 ) was 2-fold higher than observed with solubilized SQR (2 ϫ 10 6 M Ϫ1 s Ϫ1 ); the k off rates were similar (48 Ϯ 6 s Ϫ1 versus 46 Ϯ 3 s Ϫ1 ). Thus, the apparent K D for sulfide binding to ndSQR (12 M) is nearly 2-fold lower versus solubilized SQR (22 M), indicating a higher binding affinity for sulfide when SQR is in its native membrane environment. Due to the presence of excess sulfide, the CT complex decayed slowly (ϳ0.02 s Ϫ1 ) with concomitant reduction of FAD ( Fig. 4C ) as seen previously with solubilized SQR (9) .
Kinetics of GSH-and sulfite-dependent decay of the CT complex in ndSQR
The rate constant for the decay of the CT complex in the presence of either GSH or sulfite has not been previously evaluated. Double-mixing stopped-flow studies with ndSQR were employed to assess the kinetic competence of sulfane sulfur transfer from Cys-SSH to either GSH or sulfite as monitored by the decay of the CT complex, which was accompanied by reduction of FAD. For this, ndSQR was mixed with 2 eq of sulfide to form the CT complex, which was found to be stable for several seconds (Fig. 5A ). After aging for ϳ35 ms, GSH was introduced via a third syringe, which led to a rapid decrease in 675 nm absorbance of the CT complex ( Fig. 5A ) as FAD became reduced (Fig. 5B ). The k obs for CT complex decay was linearly dependent on the concentration of GSH, yielding a k off of 1.3 Ϯ 0.2 s Ϫ1 , k on of 3 ϫ 10 2 M Ϫ1 s Ϫ1 , and an apparent K D of 4 mM at 4°C ( Fig. 5C ).
Rapid decay of the CT complex was also observed in the presence of sulfite ( Fig. 6A ), forming reduced FAD (Fig. 6B ). The k obs for CT complex decay with sulfite was dependent on its concentration, yielding a k off of 6.7 Ϯ 0.8 s Ϫ1 , k on of 3.9 ϫ 10 5 M Ϫ1 s Ϫ1 , and an apparent K D of 17 M at 4°C (Fig. 6C ). The k obs values for the decay of the CT complex in the presence of 50 mM GSH or 100 M sulfite (16 Ϯ 1 s Ϫ1 and 46 Ϯ 3 s Ϫ1 at 4°C, respectively) are similar to k cat values obtained in the steadystate assay at the same substrate concentrations and temperature (13 Ϯ 2 s Ϫ1 for GSH and 36 Ϯ 2 s Ϫ1 for sulfite). This suggests that transfer of the sulfane sulfur from the active-site Cys-SSH to the acceptor is the primary rate-determining step in the SQR reaction cycle.
Kinetic analysis of ndSQR-mediated CoQ 1 reduction
Sulfane sulfur transfer from Cys-SSH to the acceptor drives the reduction of FAD to FADH 2 , which in turn reduces the native quinone substrate, CoQ 10 . The rate of quinone reduction by ndSQR was determined under steady-state conditions by varying the concentration of the water-soluble analog CoQ 1 at saturating concentrations of sulfide and sulfite. From this analysis, a value of 5 Ϯ 0.2 M was obtained for the K m for CoQ 1 for ndSQR ( Fig. 7) . By comparison, an ϳ5-fold higher K m value for CoQ 1 (24 Ϯ 3 M) was obtained with solubilized SQR, which was consistent with a previous report (11) . The kinetic competence of the CoQ 1 reduction half-reaction by ndSQR was investigated by stopped-flow studies. Because full reduction of ndSQR requires an excess of sulfide, its use would lead to enzyme turnover in the presence of CoQ 1 (Fig. 1) . Therefore, ndSQR was prereduced by photoreduction with 5-deazaflavin. Rapid mixing of CoQ 1 with reduced ndSQR led to rapid flavin oxidation (Fig. 8A) . The dependence of the k obs rates for ndSQR-bound FADH 2 oxidation was hyperbolic versus CoQ 1 concentration, yielding an apparent K D of 20 M (Fig. 8B) . The k obs rate approached a maximum of ϳ250 s Ϫ1 at CoQ 1 concentrations Ն50 M. It is likely that CoQ 10 reduction by SQR in vivo could proceed at a similar or even higher rate given that the hepatic concentration of CoQ 10 is ϳ100 M (22).
Discussion
As a membrane protein, the study of human SQR has been limited by its insolubility and relative instability in aqueous solution. Furthermore, the use of detergent-solubilized protein could affect conformational dynamics and/or substrate access to SQR. Nanodiscs have proven to be powerful tools for studying membrane proteins and in several cases have led to improved kinetic behavior via effects ranging from subtle conformational shifts to changes in oligomerization states (23) . In this study we prepared SQR incorporated into nanodiscs to compare its catalytic performance with detergent-solubilized protein, characterized the full catalytic cycle by stopped-flow spectroscopy, and obtained the relevant kinetic parameters in a lipid bilayer environment to address the controversy regarding the physiological sulfane sulfur acceptor.
The steady-state kinetic parameters for ndSQR reveals improved catalytic performance (k cat /K m ) over that of detergent-solubilized SQR, particularly with sulfide (ϳ100%) and GSH (45%) ( Table 1) . Notably, the K m for GSH (8 Ϯ 1 mM) is significantly lower than previously reported (22 Ϯ 3 mM) (12) , which can be attributed to correction of the background nonenzymatic rate of CoQ reduction by GSH. This background rate was previously postulated to be an SQR-mediated GSH: CoQ 1 oxidoreductase activity (13) but was found in our studies to occur in the absence of SQR.
Our previous study of the pre-steady-state kinetics of solubilized SQR was limited to analysis of the first step in the reaction, i.e. formation of the CT complex in the presence of sulfite or sulfide (9) . CT complex formation with sulfide was shown to be rapid (3.4 ϫ 10 5 M Ϫ1 s Ϫ1 at pH 7.4 and 4°C) and kinetically competent (9) . In contrast, the addition of sulfite to SQR to form sulfocysteine (Cys-S-SO 3 2Ϫ ) exhibited an ϳ3000-fold lower rate constant under the same conditions (1 ϫ 10 2 M Ϫ1 s Ϫ1 ). This observation ruled out an alternative mechanism in which sulfite adds first, and the resulting sulfocysteine intermediate is resolved by sulfide to form thiosulfate. In this study we determined a bimolecular rate constant for sulfide addition to ndSQR at 4°C of 4 ϫ 10 6 M Ϫ1 s Ϫ1 , which is greater than for the solubilized protein ( Fig. 4 ). H 2 S is slightly hydrophobic, and its partition coefficient is 2 Ϯ 0.6 (at 25°C) in a dilauroyl phosphatidylcholine liposome/water mixture (24) . Hence, the higher reaction rate of H 2 S with ndSQR than with the solubilized protein could be explained by its ability to concentrate in membranes leading to an increase in its local concentration in nanodiscs.
We have determined for the first time the rates of the individual reactions beyond the CT complex formation step (Fig.  1B) . The rates of transfer of the sulfane sulfur group from ndSQR to small molecule acceptors were determined in double mixing experiments by stopped-flow spectroscopy (Figs. 5 and 6). The k obs values for sulfane sulfur transfer to GSH or to sulfite were similar to the steady-state k cat values under the same experimental conditions. Hence, transfer of the sulfane sulfur from cysteine persulfide to GSH (or sulfite), with concomitant reduction of FAD, was the rate-limiting step in SQR catalysis. The k off for sulfite (6.7 Ϯ 0.8 s Ϫ 1) was 5-fold greater than for GSH (1.3 Ϯ 0.2 s Ϫ1 ), which was consistent with their difference in size and the greater potential for binding interactions between GSH and the active site residues of SQR. Although the k on for sulfite (3.9 ϫ 10 5 M Ϫ1 s Ϫ1 ) was 1300-fold greater than for GSH (3 ϫ 10 2 M Ϫ1 s Ϫ1 ), the difference in their k cat values (under V max conditions) was only 5-fold (Table 1 ). This discrepancy between the 1300-fold greater association rate constant for sulfite versus GSH but only a 5-fold greater k cat suggests that one or more of the steps after acceptor binding, i.e. FAD reduction, re-formation of the disulfide, and transfer of the sulfane sulfur, occurs more efficiently with GSH as acceptor than with sulfite.
The final step in the reaction cycle, reduction of CoQ 1 by FADH 2 , is very rapid (Fig. 8) . The K m for CoQ 1 is 5-fold lower for SQR incorporated into nanodiscs than for solubilized SQR ( Fig. 7) . The quinone pool resides in the mitochondrial inner membrane, and its interaction with SQR requires entry into the quinone-binding site at the protein-membrane interface, as seen in the structure of Acidithiobacillus ferrooxidans SQR (25) . The lower K m for CoQ 1 observed with ndSQR might be due not only to the enhanced efficiency of CoQ 1 entry into the quinone-binding site but also due to sequestering of CoQ 1 in nanodiscs, thus increasing its local concentration. The natural substrate for SQR is CoQ 10 , which is more hydrophobic and because it could partition even more favorably into the membrane, could potentially react even more rapidly than CoQ 1 (ϳ250 s Ϫ1 at Ն50 M CoQ 1 ). Reduction of CoQ integrates H 2 S oxidation with the electron transport chain by providing reduced quinone to complex III (26) .
With the kinetic parameters obtained with ndSQR, the question of its physiological sulfane sulfur acceptor can now be reevaluated. Although GSH exhibits a lower catalytic efficiency (k cat /K m ϭ 1.6 ϫ 10 4 M Ϫ1 s Ϫ1 ) than sulfite (2.5 ϫ 10 6 M Ϫ1 s Ϫ1 ), it is far more abundant in the cell. The K m value for GSH (8 Ϯ 1 mM) is within the range of its intracellular concentration. In contrast, the K m for sulfite (260 Ϯ 30 M) is significantly higher than the intracellular sulfite concentration, which is in fact not well known. Other than a few reports of sulfite concentration in human serum and plasma, in which it is very low (Ͻ20 nM for free sulfite and 0.47-4.6 M for total (free ϩ bound) sulfite) (27, 28) , a recent report of intracellular sulfite estimated it to be 9.2 M in rat liver and even higher in heart (13) . To compensate for the then undetermined intracellular concentration of sulfite, we had previously used kinetic simulations over a sulfite concentration range of 0 -100 M. The kinetic simulations predicted that GSH (even with the higher K m(GSH) value of 22 Ϯ 3 mM used in that study) is the dominant acceptor at Ͻ30 M sulfite concentrations (12) . Using the corrected K m for GSH and the k cat /K m , values for ndSQR determined in this study (Table 1) , we can estimate turnover number of 112 s Ϫ1 at 7 mM GSH (liver concentration; Refs. 29 and 30) versus 23 s Ϫ1 at 9.2 M sulfite. Based on these estimates derived from steady-state kinetic parameters alone, GSH is favored ϳ5:1 over sulfite as an acceptor. However, as discussed below, it is likely that the preference for GSH is much greater than 5-fold under cellular conditions.
The prevalence of substrate promiscuity in enzyme-catalyzed reactions (31), including those involved in H 2 S biogenesis (32) , is well known. Typically, promiscuity arises from the ability of structurally related substrates to compete for the same binding site. In the case of SQR, it would be remarkable if an active site that had evolved to bind sulfite would coincidentally also bind the tripeptide substrate, i.e. GSH, as has been suggested (11, 13) . Instead, we conclude that an active site that accommodates GSH can in principle bind smaller substrates (e.g. homocysteine, cysteine, and sulfite, each of which serves as alternative acceptors; Ref. 12 ) and that these side reactions are averted in cells by the high K m values of these alternative acceptors versus their intracellular concentrations. In this context, it is critically important to have a rigorously determined value for the intracellular sulfite concentration.
The reactivity of sulfite, a six-electron oxidized product of H 2 S, with aldehydes and DNA is well known, and its toxicity (33) has been exploited in the food industry for use as a preservative. In fact, the toxicity and anti-nutritional effects of sulfite (via depletion of thiamin and folic acid) (34) has led to a Food and Drug Administration ban on its use as a preservative in certain foods. It is very likely that the intracellular concentration of liver sulfite is kept low due to the high abundance and activity of sulfite oxidase in this tissue (35) . The 9.2 M value is likely to be an overestimate, possibly resulting from the lack of analytical evaluation beyond the co-elution of an unknown peak from tissue lysates with authentic sulfite standard (13) . Sulfur metabolite analysis from tissue extracts is routinely performed in our laboratory for detecting metabolites in the 0.01-10 mM concentration range (29, 30, 36) , and the identity of all new metabolites is validated by mass spectrometric analysis after HPLC separation (e.g. Ref.
3). Based on our studies, we conclude that intracellular sulfite concentration in murine liver is too low to be reliably determined by HPLC-based analysis. 3 It is likely that other compounds in tissue lysates, co-eluting with sulfite, contributed to its overestimation by HPLC analysis in the recent study (13) .
The identity of the sulfane sulfur acceptor has important implications for how the sulfide oxidation pathway is organized. Although GSSH can be utilized directly by PDO (Fig.  9A ), thiosulfate formed from sulfite cannot. Instead, thiosulfate must first undergo a second sulfur transfer to generate GSSH before it can be re-oxidized to sulfite by PDO (Fig. 9B ). Rhodanese is a mitochondrial sulfurtransferase that catalyzes the 3 V. Vitvitsky and R. Banerjee, unpublished results. Figure 9 . Implications of GSH versus sulfite as sulfane sulfur acceptor from SQR on the organization of the mitochondrial sulfide oxidation pathway. A, transfer of two-electron-oxidized sulfide to GSH forms GSSH, which is converted by PDO to sulfite. The latter is a substrate for sulfite oxidase (SO) that resides in the intermitochondrial membrane space and is further oxidized to sulfate. In this scheme rhodanese forms thiosulfate from GSSH and sulfite generated in the mitochondrion. B, transfer of two-electron oxidized sulfide from SQR to six-electron oxidized sulfite generates thiosulfate, which must be transported out of the mitochondrion to undergo a second sulfur transfer reaction catalyzed by TSTD1. The product GSSH, which is highly reactive, must be transported back into the mitochondrion for utilization by PDO. The sulfur atoms derived from H 2 S are shown in red. The metabolic logic of pathway B was described as convoluted even by its proponents (11), described under "Discussion," is considered to be unlikely. reversible transfer of sulfane sulfur between GSSH and sulfite (GSSH ϩ SO 3 2Ϫ N GSH ϩ S 2 O 3 2Ϫ ). In principle, it could serve as the sulfurtransferase that generates GSSH from thiosulfate. However, human rhodanese and its common polymorphic variants exhibit an ϳ217,000-fold preference for sulfur transfer in the direction of GSSH 3 S 2 O 3 2Ϫ with a k cat of 389 s Ϫ1 at pH 7.4 and 37°C (12, 37) . The only other known sulfurtransferase that can support the conversion of thiosulfate to GSSH (i.e. GSH ϩ S 2 O 3 2Ϫ N GSSH ϩ SO 3 2Ϫ ) is TSTD1, which exhibits a K m for thiosulfate of 14 mM and a low k cat (2.7 s Ϫ1 at optimum pH of 9 and 37°C). Its involvement in the sulfide oxidation pathway would necessitate the intercompartmental crossing of the highly reactive GSSH intermediate from the cytoplasm to the mitochondrion (Fig. 9B ). This alternative pathway was described as "convoluted" even by its proponents (11) .
The clinical data on sulfur metabolite accumulation in PDO or rhodanese dysfunction or on thiosulfate catabolism can be interpreted to support either organizational scheme for H 2 S oxidation (11) (12) (13) . In the absence of metabolic flux analysis combined with gene knockdown studies, use of these data to distinguish between pathways should be treated with caution.
In summary, we report the enhanced catalytic performance of human SQR incorporated in nanodiscs and present a rapid pre-steady-state kinetic characterization of the complete catalytic cycle. The proposal that the SQR active site evolved to accommodate sulfite but accidentally allows a significantly larger and much more abundant molecule, i.e. GSH, to effectively compete, appears to be improbable. Our kinetic data on ndSQR and the potential to directly funnel labile sulfur from SQR to PDO via GSH support our conclusion that GSH serves as the physiologically relevant sulfur acceptor. The crystal structure of human SQR will allow this question to be addressed unequivocally.
Experimental procedures
Materials
The following reagents were purchased from Sigma: Amberlite XAD-2 resin, CoQ 1 , GSH, sodium sulfide nonahydrate, sodium sulfite, and sodium cholate hydrate. The phospholipids, DHPC and POPC were purchased from Anatrace Lipids (Maumee, OH). The photocatalyst 5-deazaflavin was a generous gift from Dr. Bruce Palfey (University of Michigan).
Incorporation of human SQR into nanodiscs
Human SQR was purified as reported previously (12) . The membrane scaffold protein MSP1E3D1 (MSP) was expressed in E. coli BL21(DE3) cells using the pET28b ϩ expression vector (plasmid # 20066, deposited to Addgene by Dr. Steven Sligar, University of Illinois at Urbana-Champaign) and purified as reported previously (19, 38) .
SQR was incorporated into nanodiscs by combining POPC, MSP, and SQR in a molar ratio of 130:1:1 in nanodisc buffer (20 mM Tris, pH 7.4, containing 150 mM NaCl and 0.5 mM EDTA) with 25 mM sodium cholate. The mixture was incubated on ice for 1 h. Nanodisc assembly was induced by the removal of cholate by adsorption on Amberlite XAD-2 resin. The resin was pre-equilibrated with nanodisc buffer and incubated overnight with the assembly mixture at 4°C with gentle agitation. The assembled nanodiscs were separated from the XAD-2 resin by filtration and subsequently purified by gel filtration using a 25-ml Superdex 200 column (GE Healthcare) equilibrated with nanodisc buffer. The size of the assembled discs was estimated by comparison with gel filtration standards (Bio-Rad) with known Stokes diameters. The purity of ndSQR was evaluated on a 15% SDS-polyacrylamide gel. The estimated molecular weight and polydispersity index of purified ndSQR was estimated by SEC-MALS, Wyatt Technology).
Spectral analysis of ndSQR
The electronic absorption spectra of ndSQR were recorded in 100 mM potassium phosphate buffer, pH 7.4. The same buffer containing DHPC (0.03%) was used for the detergent-solubilized enzyme. The concentrations of ndSQR and detergent-solubilized SQR were estimated using an extinction coefficient at 450 nm of 11,500 M Ϫ1 cm Ϫ1 for the FAD cofactor (11) .
SQR activity assays
SQR activity was assessed at 25°C by monitoring the reduction of CoQ 1 at 278 nm (⌬⑀ ox-red ϭ 12,000 M Ϫ1 cm Ϫ1 ) as described previously (11, 12) . Stock solutions of CoQ 1 were prepared aerobically in 10 mM potassium phosphate, pH 6.8, containing 10% DHPC. For assays with GSH as the acceptor, the reaction rates were corrected for trace amounts of CoQ 1 reduction by GSH as previously reported (13) . The kinetic parameters K m and V max were obtained by fitting the data sets to the Michaelis-Menten equation.
Stopped-flow spectroscopy
All aerobic rapid-mixing spectroscopic experiments were carried out at 4°C on an SF-DX2 double mixing stopped-flow system from Hi-Tech Scientific equipped with a photodiode array detector (300 -700-nm range). The sulfide concentration dependence of the k obs for CT complex formation was monitored as described previously (9) . Spectra and k obs for the disappearance of the sulfide-induced CT complex in ndSQR in the presence of GSH or sulfite were obtained in double mixing experiments. For this, ndSQR (40 M) in 100 mM potassium phosphate buffer, pH 7.4, was mixed with sulfide (80 M), and the solution was allowed to age for ϳ35 ms before mixing it with varying concentrations of GSH or sulfite in the same buffer. The reported concentrations are before mixing, and each mixing resulted in a 1:1 dilution (v/v). Sulfite concentrations were kept to Ͻ100 M or below to minimize a competitive sulfite-induced CT complex formation previously observed in solubilized SQR (9) . The kinetic traces at selected wavelengths were fitted using the KinetAsyst software.
Stopped-flow studies on the ndSQR-mediated reduction of CoQ 1 were carried out at 8°C on an Applied Photophysics stopped-flow system housed in an anaerobic chamber and equipped with a photodiode array detector (300 -700 nm range). The reduced form of ndSQR (20 M) was generated under anaerobic conditions by mixing 20 M ndSQR in 100 mM potassium phosphate buffer, pH 7.4, with 15 mM EDTA and 2 M 5-deazaflavin as a photocatalyst. The mixture was purged with N 2 gas for 30 min in the dark followed by exposure to high-intensity white light for 30 min on ice. Reduced ndSQR was then mixed with various concentrations of CoQ 1 (0 -80 M) in the stopped-flow spectrophotometer. The kinetic traces at selected wavelengths were fitted using Pro-Data SX software.
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